INTRODUCTION
The family of binary actin-ADP-ribosylating toxins comprises the C2 toxin from C. botulinumintestinal Caco-2 cells were cultivated at 37 °C and 5% CO 2 in MEM containing 10% heat-137 inactivated fetal calf serum, 1.5 g/L sodium bicarbonate, 1 mM sodium-pyruvate, 2 mM 138 L glutamine, 0.1 mM non-essential amino acids and 10 mg/mL Penicillin/Streptomycin. Cells 139 were trypsinized and reseeded for at most 15-20 times. For cytotoxicity experiments, cells were 140 seeded in culture dishes and incubated in serum-free medium with CDT or iota toxin. To inhibit 141 the PPIase activity of Cyps or the activity of Hsp90, the cells were incubated for 30 min with the 142 indicated concentrations of CsA or Rad, respectively. Subsequently, toxin was added and cells 143
were further incubated at 37 °C with toxin plus inhibitor. After the given incubation periods, the 144 cells were visualized by using a Zeiss Axiovert 40CFl microscope (Oberkochen, Germany) with 145 a Jenoptik progress C10 CCD camera (Carl Zeiss GmbH, Jena, Germany). The cytopathic effects 146 caused by the toxins were analyzed in terms of morphological changes. 147
148
Fluorescence microscopy to detect internalized CDTa -Caco-2 cells were preincubated with 10 149 µM CsA, 10 µM Rad for 30 min at 37 °C. Subsequently cells were cooled to 4°C and 1 µg/mL 150 CDTa labelled with Alexa568 plus 2 µg/mL CDTb was added. Cells were incubated at 4°C for 151 30 min to allow toxin binding. Cells were transferred to 37°C for 20 min to induce endocytosis 152 and fixed. Actin was stained by FITC-phalloidin. Fixed samples were analyzed with an inverted 153 Axiovert 200M microscope (Carl Zeiss GmbH, Jena, Germany) equipped with plan-apochromat 154 objectives, driven by Metamorph imaging software (Universal Imaging, Downingtown, PA) . 155
Confocal images were collected with a Yokogawa CSU-X1 spinning disc confocal head (Tokyo, 156 Japan) with an emission filter wheel, a Coolsnap HQ II digital (Roper Scientific, Tucson, AZ) 157 camera and 488 nm, 561 nm laser lines. 158 the toxin, cells were washed twice with ice-cold PBS and lysed in 20 mM Tris-HCl (pH 7.5) 161 containing 1 mM EDTA, 1 mM DTT, 5 mM MgCl 2 and complete ® protease inhibitor. Following 162 lysis of the cells and centrifugation (20,800 ×g, 7 min, 4 °C), the supernatant was stored at −20 163 °C. For immunoblot analysis, equal amounts of lysate protein were subjected to SDS-PAGE 164 according to the method of Laemmli (24). Subsequently, the proteins were transferred to a 165 nitrocellulose membrane (Whatman, Dassel, Germany). The membrane was blocked for 30 min 166 with 5% non-fat dry milk in PBS containing 0.1% Tween-20 (PBS-T). For the detection of actin, 167 the samples were probed with a mouse monoclonal anti-β-actin antibody (clone AC-15; Sigma-168 Aldrich, Seelze, Germany). After washing with PBS-T, the membrane was incubated for 1 h with 169 an anti-mouse antibody coupled to horseradish-peroxidase (Santa Cruz Biotechnology, 170
Heidelberg, Germany). The membrane was washed and the proteins visualized using an enhanced 171 chemiluminescence (ECL) system according to the manufacturer's instructions. 172
173
Sequential ADP-ribosylation of actin in lysates from toxin-treated cells -For ADP-ribosylation of 174 actin in a cell-free system, 20 µg of whole-cell lysate protein were incubated for 30 min at 37 °C 175 in a buffer containing 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1mM DTT, 5 mM MgCl 2 , 176 complete ® protease inhibitor, together with biotin-labelled NAD + (10 µM) and 300 ng of C2I 177 protein. The reaction was stopped with 5 x SDS-sample buffer (625 mM Tris/HCl pH 6.8, 20% 178 SDS, 8.5% glycerol, 0.2% bromphenol blue, 100 mM DTT) and heating of the samples for 5 min 179 at 95 °C. The samples were subjected to SDS-PAGE, transferred to a nitrocellulose membrane 180 and the biotin-labelled ADP-ribosylated actin was detected with peroxidase-coupled streptavidin 181 and a subsequent chemiluminescence reaction. We performed an alternative assay to verify that the membrane translocation of CDTa essentially 225 requires acidic conditions. Therefore, we experimentally mimicked the acidic conditions of the 226 endosomal lumen on the surface of intact cells. Vero cells were pre-treated with BafA1 to block 227 the "normal" uptake of CDTa into the cytosol and then the cells were incubated at 4 °C with 228
CDTb plus CDTa to enable toxin binding to the cell surface receptors. Subsequently, the pH of 229 the culture medium was adjusted to pH 4.5 (for control pH 7.5) and cells were incubated at 37 °C 230 to trigger membrane translocation of CDTa. Cell rounding was monitored to detect that CDTa 231 was delivered into the cytosol and modified actin. Cell rounding was observed only when CDT-232 treated cells were exposed to low pH ( rather than a complete inhibition (Fig. 2B) . The combination of CsA and Rad had a slightly 246 stronger protective effect compared to the individual inhibitors however this effect was not 247 statistically significant (Fig. 2B) . Because higher concentrations of CsA induced some 248 morphological effects on Vero cells, the concentration of 10 µM was used in this study. 249
The morphology-based analysis of the protective effect was confirmed by analyzing the ADP-250 ribosylation status of actin from cells. Cells were treated with CDT in the absence and presence 251 of the inhibitors. After 1.5 h, cells were lysed and lysates were incubated with fresh C2I and 252 biotin-NAD + as a co-substrate to enable ADP-ribosylation of actin in vitro and thereby its biotin-253 labelling. The biotin-labelled, i.e. ADP-ribosylated actin was detected in a Western blot analysis 254 with streptavidin-peroxidase (Fig. 2C, upper panel) and the intensity of the bands was quantified 255 ( CsA and Rad interfere with the early steps of toxin uptake we focused on the membrane 289 translocation of CDTa. To test an effect of the inhibitors on this process, we performed a well-290 established assay, which mimics endosomal conditions on the surface of intact cells. In brief, 291
Vero cells were pre-treated with BafA1 to block the "normal" uptake of CDT. Then, cells were 292 incubated at 4 °C with CDTb plus CDTa and, thereafter, cells were exposed to warm acidified 293 medium (37 °C, pH 4.5) as described before to trigger translocation of cell-bound CDTa across 294 the cytoplasmic membrane into the cytosol. During this step, CsA, Rad or the combination of 295 both inhibitors was present in the culture medium. The successful translocation of CDTa into the 296 cytosol was determined by the amount of round cells (Fig. 4) . In the presence of CsA or Rad 297 there was a significant decrease in the amount of round cells after 1, 1.5 and 2 h, indicating that 298 both CsA and Rad inhibit membrane translocation of CDTa. The combination of CsA and Rad, 299 however, exhibited a synergistic inhibitory effect which caused a prolonged delay in intoxication 300 of cells compared to the single substances. In conclusion, these results imply that cyclophilin as 301 well as Hsp90 are crucial for the pH-dependent membrane translocation of CDTa and suggest 302 that both factors might act in a synergistic manner during this process. 303
304

CsA and Rad inhibit membrane translocation of the C. perfringens iota toxin and thereby protect 305 cells from intoxication -We have observed earlier that pharmacological inhibition of Hsp90 306
on September 23, 2017 by guest http://iai.asm.org/ Downloaded from protected Vero cells from intoxication with iota toxin; however, the underlying molecular 307 mechanism was not investigated so far. Prompted by the results obtained for CDT, we finally 308 tested whether Hsp90 is crucial for membrane translocation of the enzyme component Ia and 309
whether cyclophilin is also involved in this process. To determine whether cyclophilins are 310 involved in the uptake of iota toxin, Vero cells were incubated with iota toxin in the presence or 311 absence of CsA. Toxin-induced cell rounding was analyzed after 4 h (Fig. 5A) . Most of the toxin-312 treated cells were round while the presence of CsA prevented cell rounding. The observed iota 313 toxin-induced cell rounding correlated with the ADP-ribosylation status of actin in these cells 314
(not shown). CsA inhibited the iota toxin-induced cell rounding in a time-and concentration-315 dependent manner (Fig. 5B ) and as observed before for CDT, the combination of CsA and Rad 316 showed a synergistic protective effect compared to the single inhibitors (Fig. 5C ). Most 317 important, CsA as well as Rad inhibited the pH-dependent translocation of cell-bound iota toxin 318 across the cytoplasmic membrane into the cytosol. This becomes evident in a significantly 319 decreased amount of round cells in the presence of the inhibitors (Fig. 5D ). In conclusion, the 320 data imply that Hsp90 as well as cyclophilin are crucial for membrane translocation of iota toxin 321 which is consistent to the results obtained for the closely related binary toxin CDT. Moreover, in 322 this aspect the iota-like toxins behave comparable to the binary actin-ADP-ribosylating C2 toxin 323 from C. botulinum. 324
325
The enzyme components of CDT and iota toxin directly interact with Hsp90 and CypA in vitro -326
From these results we were not able to conclude which particular cyclophilin is involved in 327 uptake of CDT and iota toxins. We hypothesized, however, that cyclophilin A might interact with 328 the enzyme components of both toxins. This hypothesis is plausible because cyclophilin A is the 329 prominent cyclophilin in the cytosol of mammalian cells and the major molecular target of CsA. acidified endosomal vesicles into the cytosol and that the translocation depends on a pH-gradient 352 across the membrane. This is in agreement to earlier findings on the translocation of the binary 353 iota and C2 toxins (3,5). Recently, we reported that membrane translocation of some binary 354 toxins but not of others are facilitated by host cell chaperones and PPIases (7, 17, 18, 22) . The observation that membrane translocation of C2I but also of CDTa and Ia is facilitated by the 408 same host cell factors is a strong hint for a common role of Hsp90 and cyclophilins during 409 translocation of binary actin-ADP-ribosylating toxins. Interestingly, the intoxication of cells with 410 the binary lethal toxin from Bacillus anthracis was not influenced by Rad and CsA (7, 18, 57) , 411 although lethal toxin shares significant sequence and structural homology and an overall common 412 cellular uptake mechanism with binary actin-ADP-ribosylating toxins (for review see (38, 56) . 
